1. Introduction
===============

A rise in the arterial blood pressure resulting in the development of preeclampsia has been a considerable obstetric problem for years. Eclampsia-related complications can put both the fetus and the mother in jeopardy. The risk of preeclampsia is elevated in the presence of chronic renal disease, chronic hypertension, antiphospholipid syndrome, family history of preeclampsia, multiple pregnancy, maternal age over 40, nulliparity or diabetes \[[@B1-ijms-16-13043],[@B2-ijms-16-13043]\]. The role of oxidative stress in the eclampsia-related complications remains controversial. For many years, there has been no substantial change in the management of preeclampsia and eclampsia. It is not uncommon that when medication fails to normalize the blood pressure, the physician is forced to terminate pregnancy in order to save the mother's life at the expense of the baby.

In light of numerous clinical studies and literature data, pathogenesis of preeclampsia seems to be complex and depends on multifactorial abnormalities observed at the molecular level \[[@B2-ijms-16-13043]\]. The majority of experts in the field associate etiology of preeclampsia with endothelial injury, oxidative stress phenomena, compromised placental perfusion, imbalance between prostacyclin and thromboxane signaling, decreased glomerular filtration rate with retention of salt and water, alteration of gene expression, and dietary factors including vitamin deficiency \[[@B3-ijms-16-13043],[@B4-ijms-16-13043]\]. Reactive oxygen species (ROS) affect vascular reactivity through multiple mechanisms \[[@B5-ijms-16-13043]\]. Interestingly*,* Mousa *et al.* \[[@B6-ijms-16-13043]\] reported that reduced methylation of the thromboxane synthase gene correlated with its increased vascular expression in preeclampsia. Oxidative stress, as measured by placental isoprostane generation \[[@B7-ijms-16-13043]\], caused DNA hypomethylation, and preeclampsia was associated with oxidative stress \[[@B6-ijms-16-13043]\]. Interestingly, 15-F~2t~-isoprostane (15-F~2t~-isoP), a product of nonenzymatic lipid peroxidation, is a potent renal vasoconstrictor acting principally through thromboxane A2 receptor activation \[[@B8-ijms-16-13043]\], and thus enhances the biological effects of thromboxane synthase gene expression. In addition, 15-F~2t~-isoP has been implicated as a causative mediator in hepatorenal syndrome \[[@B9-ijms-16-13043]\]. There are clinical trials suggesting that pharmacological lowering of 15-F~2t~-isoP urinary excretion might improve an antihypertensive treatment in patients presenting with chronic kidney failure \[[@B10-ijms-16-13043],[@B11-ijms-16-13043]\].

Vitamin D~3~ is naturally produced in the skin subjected to ultraviolet radiation from sun light. It is estimated that approximately 80%--100% of daily Vitamin D~3~ supply comes from synthesis in the skin, with only limited contribution from dietary intake \[[@B12-ijms-16-13043]\]. Vitamin D~3~ deficiency in early pregnancy can constitute an independent causal factor for the development of eclampsia \[[@B13-ijms-16-13043]\] since high incidence rates are reported to coincide with the winter months \[[@B14-ijms-16-13043]\], when cutaneous synthesis of Vitamin D~3~ is lacking due to the absence of UVB in solar light in this geographical area \[[@B12-ijms-16-13043]\].

The activation of Vitamin D~3~ requires its subsequent enzymatic hydroxylations at carbons C25 and C1. Initial hydroxylation at C25 in the liver produces 25(OH)D~3~ which due to its relatively longhalf-life of 2--3 weeks in the human body, is routinely used as an indicator of the overall Vitamin D status \[[@B15-ijms-16-13043]\]. The second hydroxylation producing the hormonally active 1α,25-dihydroxyvitamin D~3~ (calcitriol, 1α,25(OH)~2~D~3~) takes place in the kidney. Active metabolites of Vitamin D display an array of biological effects mediated through genomic and non-genomic pathways \[[@B16-ijms-16-13043],[@B17-ijms-16-13043]\]. In many cells and tissues, 1α,25(OH)~2~D~3~ first binds to the Vitamin D receptor (VDR) which then forms a heterodimer with the receptor for 9-cis retinoic acid (RXR); this dimer is translocated to the nucleus where it controls expression of over 1000 genes \[[@B18-ijms-16-13043]\]. Calcitriol (1,25(OH)~2~D~3~), an active form of Vitamin D~3~, can serve as a placental vasculature modulator possibly through its antioxidative activities \[[@B19-ijms-16-13043],[@B20-ijms-16-13043]\]. The endogenous formation of Vitamin D exclusively depends on sun exposure (UVB wavelengths 280--320 nm) \[[@B12-ijms-16-13043]\], and many studies support seasonal variation in the prevalence of preeclampsia \[[@B21-ijms-16-13043]\]. There is evidence that oral supplementation of Vitamin D can decrease the rate of severe preeclamptic complications \[[@B22-ijms-16-13043],[@B23-ijms-16-13043]\].

An imbalance between oxidant and antioxidant potential is associated with reproductive problems \[[@B24-ijms-16-13043]\]. The level of lipid peroxide in the maternal blood is significantly elevated in preeclampsia as compared to normal pregnancy, and levels of antioxidants are compromised \[[@B25-ijms-16-13043],[@B26-ijms-16-13043],[@B27-ijms-16-13043],[@B28-ijms-16-13043]\]. However, some authors report that there are no differences in 15-F~2t~-isoP, lipid peroxide or malondialdehyde plasma levels between women with preeclampsia and pregnant controls \[[@B29-ijms-16-13043]\]. Importantly, the placenta produces large amounts of progesterone required for the maintenance of pregnancy, synthesizing 10 times the quantity secreted by the corpus luteum in the mid-luteal phase \[[@B30-ijms-16-13043]\]. It is well known that placental mitochondria are responsible for progesterone biosynthesis \[[@B31-ijms-16-13043]\] and preeclampsia may develop because of an inadequate supply of progesterone \[[@B32-ijms-16-13043]\]. It is likely that in the preeclamptic placenta progesterone synthesis may be compromised \[[@B33-ijms-16-13043]\]. Conversion of cholesterol to progesterone starts with the production of pregnenolone, catalyzed by cytochrome P450scc (side-chain cleavage cytochrome P450; CYP11A1) in the inner mitochondrial membrane \[[@B30-ijms-16-13043],[@B31-ijms-16-13043],[@B34-ijms-16-13043]\]. In the placenta cytochrome P450scc also hydroxylates Vitamin D~3~ producing 20-hydroxyvitamin D~3~ (20(OH)D~3~) which can be further transformed to other biologically active metabolites \[[@B35-ijms-16-13043],[@B36-ijms-16-13043]\]. The existence of gene transcript of 1α-hydroxylase and the finding of Vitamin D receptor (VDR) expression in placental trophoblasts suggest a possible autocrine loop of Vitamin D signaling within trophoblasts \[[@B37-ijms-16-13043],[@B38-ijms-16-13043]\]. The unique metabolic profile of the placental cytochrome P450scc appears to arise from its location in trophoblast cells, as compared to the adrenal cortex and gonads \[[@B30-ijms-16-13043]\], as well as from the local exposure to a broad range of substrates produced during pregnancy. Among arachidonic acid metabolites, isoprostanes are unique bioactive (vasoconstrictive) products of cytochrome P450scc-mediated lipid peroxidation. The synthetic hydroperoxide, cumene hydroperoxide, has been found to inactivate cytochrome P450scc in human term placental mitochondria \[[@B32-ijms-16-13043]\].

An objective of this study was to evaluate Vitamin D~3~ and oxidative stress levels in a population of pregnant women with severe preeclampsia/eclampsia in order to verify potential correlation between wintertime plasma levels of 25-hydroxyvitamin D~3~ (25(OH)D~3~) as measured in late gestation, and urinary excretion of 15-F~2t~-isoprostane which is a reliable marker of oxidative stress in the human body. A prospective study was designed in order to measure urinary levels of isoprostanes as markers of oxidative stress and potential vasoconstrictors, and levels of Vitamin 25(OH)D~3~ whose deficiency might be a potential cofactor for the development of eclampsia. The study comprised caucasian women of northern Poland who were admitted to the hospital from December through February, and subsequently qualified for C-section.

As placental cytochrome P450scc is required for progesterone synthesis, oxidative stress generation and metabolism of Vitamin D~3~, a parallel study on the activity of placental cytochrome P450scc under oxidative stress conditions, as well as lipid peroxidation in placental cells, was carried out. To determine whether increased levels of naturally synthesized arachidonic acid hydroperoxide had a similar impact on lipid peroxidation and biodegradation of cytochrome P450scc, we measured progesterone synthesis by isolated mitochondria from term human placentas, and measured lipid peroxidation by placental mitochondria and cultured placental JAR cells.

2. Results
==========

The urinary levels of 15-F~2t~-isoP in the preeclamptic group were significantly higher relative to the control group (3.05 *vs.* 2.00 ng/mg creatinine; *p* \< 0.01) ([Figure 1](#ijms-16-13043-f001){ref-type="fig"}). This finding supports the hypothesis that biological effects of an oxidative stress-mediated increases in placental generation of thromboxane A2 may be enhanced by 15-F~2t~-isoP isoprostane-dependent activation of the thromboxane A2 receptor \[[@B8-ijms-16-13043]\]. The plasma levels of 25(OH)D~3~ in both groups were below the clinical reference range of 30 ng/mL with no difference between the groups (mean 16.8 ng/mL) ([Figure 2](#ijms-16-13043-f002){ref-type="fig"}). There was no correlation between the urinary excretion of 15-F~2t~-isoP and plasma levels of 25(OH)D~3~ in either of the study groups.

![Urinary isoprostane excretion as calculated per mg of creatinine in preeclamptic women *vs.* control (**\*** *p* \< 0.01).](ijms-16-13043-g001){#ijms-16-13043-f001}

![Vitamin D~3~ (25(OH)D~3~) plasma levels in preeclamptic women *vs.* control. No significant difference between groups was found.](ijms-16-13043-g002){#ijms-16-13043-f002}

To test the effect of a natural lipid peroxide on progesterone production, increasing concentrations of AA(OOH) were added to placental mitochondria ([Figure 3](#ijms-16-13043-f003){ref-type="fig"}). This resulted in the inhibition of progesterone synthesis from cholesterol but no effect on its synthesis from pregnenolone. This result indicates that P450scc required to convert cholesterol to pregnenolone, and not 3β-hydroxysteroid dehydrogenase required to convert pregnenolone to progesterone, is the locus of action of the AA(OOH). To determine whether the decrease in P450scc activity was associated with a decrease in P450scc levels, the concentration of functional P450, assessed from its ability to bind CO, was measured following treatment of mitochondria with 100 µM AA(OOH). The cytochrome P450 concentration decreased in a time-dependent manner which was inversely proportional to the increase in the concentration of lipid peroxidation products MDA and HNE ([Figure 4](#ijms-16-13043-f004){ref-type="fig"}). This indicates that inactivation/degradation of P450scc occurs in response to AA(OOH) treatment, possibly as a result of heme breakdown \[[@B32-ijms-16-13043],[@B39-ijms-16-13043],[@B40-ijms-16-13043],[@B41-ijms-16-13043],[@B42-ijms-16-13043],[@B43-ijms-16-13043],[@B44-ijms-16-13043]\].

![Progesterone biosynthesis as a function of AA(OOH) concentration in placental mitochondria (measured as percentage of substrate conversion). Progesterone biosynthesis from cholesterol or pregnenolone was measured following a 15 min. incubation. Data presented as mean ± SD obtained from five independent experiments.](ijms-16-13043-g003){#ijms-16-13043-f003}

![Cytochrome P450scc level after treatment with arachidonic acid hydroperoxide (AA(OOH)). Lipid peroxidation induced by AA(OOH) was measured from the production of MDA and HNE. Data are presented as mean ± SD obtained from five independent experiments expressed as percentage of control.](ijms-16-13043-g004){#ijms-16-13043-f004}

To test the ability of AA(OOH) to stimulate lipid peroxidation, the JAR placental cell line was treated with AA(OOH) and products of lipid peroxidation measured. This treatment dramatically stimulated formation of lipid peroxidation products over a 24 h period. Treatment with the powerful antioxidant, TEMPOL, completely protected the cells against the AA(OOH)-induced lipid peroxidation ([Figure 5](#ijms-16-13043-f005){ref-type="fig"}).

![Lipid peroxidation in JAR cell culture. Control cells, cells treated with 100 µM Arachidonic Acid Hydroperoxide AA(OOH), cells treated with 100 µM AA(OOH) and 50 µM TEMPOL (AA(OOH) + TEMPOL). Products of lipid peroxidation (MDA plus HNE) were significantly elevated in cells treated with AA(OOH) only. Data presented as mean ± SD obtained from five independent experiments.](ijms-16-13043-g005){#ijms-16-13043-f005}

3. Discussion
=============

The results of our study showed that severe cases of preeclampsia (terminated by C-section) were associated with increased oxidative stress as measured by urinary isoprostane level. Importantly, we chose C-section terminated normal pregnancies as the control group in order to eliminate a potential ROS increase in response to surgical trauma \[[@B45-ijms-16-13043]\]. Our results are in accord with a couple of studies in terms of urinary isoprostane excretion \[[@B46-ijms-16-13043],[@B47-ijms-16-13043]\], and contradict a few others \[[@B48-ijms-16-13043],[@B49-ijms-16-13043],[@B50-ijms-16-13043]\]. There has been a lot of controversy about circulating oxidative stress markers in preeclampsia, and specifically isoprostanes as measured in different compartments \[[@B51-ijms-16-13043],[@B52-ijms-16-13043]\]. Isoprostanes, and typically 15-F~2t~-isoP as evaluated in plasma or urine, have been applied in clinical studies as reliable markers of total body oxidative stress \[[@B53-ijms-16-13043]\]. A decreased urinary excretion of 15-F~2t~-isoP is attributed to reactive oxygen species scavenging activity of certain antihypertensive drugs used for therapy in chronic renal failure therapy \[[@B10-ijms-16-13043],[@B11-ijms-16-13043]\]. Walsh *et al.* \[[@B7-ijms-16-13043]\] provided convincing evidence that F(2)-isoprostanes are formed and secreted by the human placenta, and that oxidative stress and lipid peroxidation are pathologically increased in placentas of preeclamptic women . It is only logical that measurement of isoprostanes in body fluids could offer a unique analytical opportunity to study the role of free radicals in pathophysiology of preeclampsia. There are however many contradictory observations in the literature in terms of isoprostane levels in the plasma or urine of preeclamptic women. According to several studies, there was a significant increase observed in total or free isoprostane plasma levels in preeclampsia \[[@B48-ijms-16-13043],[@B49-ijms-16-13043],[@B54-ijms-16-13043]\]. Other researchers did not report any difference in isoprostane plasma levels between normal pregnancy and preeclampsia \[[@B29-ijms-16-13043],[@B55-ijms-16-13043]\], including severe preeclampsia \[[@B50-ijms-16-13043]\]. The difference in the levels of isoprostanes in various studies might possibly be due to methodology (ELISA (Enzyme-linked Immunosorbent Assay), RIA (Radioimmunoassay), GC (Gas Chromatography)), different sampling regime, gestational age, social profile, geographical area, and ethnicity to name but a few. Taking into account that renal clearance of isoprostane may be impaired in preeclampsia, urinary isoprostane level should be preferably corrected for creatinine \[[@B47-ijms-16-13043],[@B54-ijms-16-13043]\] which has not always been the case \[[@B48-ijms-16-13043],[@B49-ijms-16-13043]\]. In light of multiple conflicting data, our finding of increased urinary isoprostane excretion in severe preeclampsia adds to existing evidence for a role of oxidative stress in pathogenesis of the disease which seems all the more significant as there are researchers who tend to question the importance of oxidative stress phenomena as the biochemical rationale for etiopathology, prevention and treatment of preeclampsia \[[@B55-ijms-16-13043],[@B56-ijms-16-13043]\].

Pleiotropic effects of Vitamin D~3~ have been the focus of many publications, linking Vitamin D~3~ with placental regulation and modulation of inflammatory response \[[@B57-ijms-16-13043],[@B58-ijms-16-13043]\]. Also, clinical studies show higher rates of preeclampsia, preterm birth, bacterial vaginosis and gestational diabetes in women with low Vitamin D levels \[[@B59-ijms-16-13043]\]. A large population of pregnant women is affected by significant Vitamin D~3~ deficiency \[[@B60-ijms-16-13043],[@B61-ijms-16-13043],[@B62-ijms-16-13043]\]. Indeed, our results confirm that Vitamin D~3~ deficiency might be a more general clinical problem in the northern European population of pregnant Caucasian women suffering from limited sun exposure during the winter season \[[@B63-ijms-16-13043],[@B64-ijms-16-13043]\]. Interestingly, a recent autumn--winter study on the urban population of northern Poland showed that 85% of participants was Vitamin D deficient, with mean 25-hydroxyvitamin D~3~ concentration of 14.3 ± 6.6 ng/mL \[[@B65-ijms-16-13043]\]. Furthermore, the subsequent study showed only moderate improvement of Vitamin D~3~ status after the summer \[[@B66-ijms-16-13043]\]. It should be noted that in our current study, the mean plasma level of Vitamin D~3~ as calculated for both preeclamptic and control groups was 16.8 ng/mL and the difference between the groups was not statistically significant. Thus, a lack of correlation between 15-F2t-isoP and 25(OH)D~3~ might be partly explained by the substantial Vitamin D~3~ deficiency in both study groups. These observations should encourage obstetricians and gynecologists to reconsider additional Vitamin D~3~ supplementation in pregnant women, and in particular those who belong to the risk group being potentially hypersensitive to Vitamin D~3~ deficiency \[[@B13-ijms-16-13043],[@B67-ijms-16-13043],[@B68-ijms-16-13043]\].

As mitochondria reportedly contribute to increased lipid peroxidation in the preeclamptic placenta \[[@B69-ijms-16-13043],[@B70-ijms-16-13043]\], we decided to design a mitochondrial model of preeclampsia based on placental mitochondria isolated from healthy women, and treated with AA(OOH) in order to induce well characterized oxidative stress phenomena as observed in the preeclamptic trophoblast cells \[[@B70-ijms-16-13043],[@B71-ijms-16-13043],[@B72-ijms-16-13043]\]. The *in vitro* model was then used in our study to evaluate the enzymatic activity of cytochrome P450scc in response to AA(OOH)-mediated oxidative stress. Cytochrome P450scc is a key mitochondrial enzyme in steroid hormone synthesis, lipid peroxidation and trophoblastic cell behavior, which is integral to the pathogenesis of preeclampsia \[[@B73-ijms-16-13043]\]. The expression of *CYP11A* gene encoding P450scc protein was reported to be significantly higher in terms of both mRNA and protein levels, and was proposed to be linked with abnormal apoptosis of trophoblastic cells in placentas of preeclamptic patients \[[@B73-ijms-16-13043],[@B74-ijms-16-13043]\]. Having observed similar mitochondrial degeneration followed by massive apoptosis in choriocarcinoma JAR cell line exposed to oxidative stress \[[@B75-ijms-16-13043],[@B76-ijms-16-13043]\], we ventured to propose a novel mitochondrial model of preeclampsia allowing for *in vitro* characterization of cytochrome P450scc activity and structural integrity under the conditions of AA(OOH)-induced oxidative stress. The effect of oxidative stress on reducing the activity of cytochrome P450scc seen in the current study suggests that an impairment in the production of P450scc-derived Vitamin D~3~ metabolites may be expected. There is evidence of disrupted Vitamin D metabolic homeostasis in the preeclamptic placenta suggesting that increased oxidative stress could be a causative factor of altered Vitamin D metabolism therein \[[@B77-ijms-16-13043],[@B78-ijms-16-13043]\]. Although preeclampsia has been linked to maternal Vitamin D insufficiency \[[@B13-ijms-16-13043],[@B62-ijms-16-13043],[@B78-ijms-16-13043],[@B79-ijms-16-13043]\], the information on placental Vitamin D metabolic system between normal and preeclamptic pregnancies is lacking \[[@B77-ijms-16-13043],[@B80-ijms-16-13043]\]. It is entirely possible that it is not the plasma concentration of Vitamin D~3~, but rather the local placental concentration of Vitamin D~3~ or its metabolites in combination with oxidative stress-generated arachidonic acid derivatives that might actually play a role in the prevention or treatment of preeclampsia/eclampsia.

Our *in vitro* experiments demonstrate that reduced cytochrome P450scc activity upon increased preeclamptic flux of AA(OOH) ([Figure 3](#ijms-16-13043-f003){ref-type="fig"}) is associated with heme disintegration ([Figure 4](#ijms-16-13043-f004){ref-type="fig"}), and consequently the release of free iron Fe^2+^ ion, analogously to what has been reported for hemoglobin \[[@B81-ijms-16-13043]\], which in turn induces Fenton-like reactions enhancing lipid peroxidation \[[@B81-ijms-16-13043],[@B82-ijms-16-13043]\] as measured by increasing MDA and HNE levels ([Figure 4](#ijms-16-13043-f004){ref-type="fig"}). Under *in vivo* conditions, there are many other lipid peroxidation products, like lipid peroxides \[[@B70-ijms-16-13043],[@B71-ijms-16-13043],[@B83-ijms-16-13043],[@B84-ijms-16-13043],[@B85-ijms-16-13043]\], hydroperoxides \[[@B86-ijms-16-13043]\], alkyl radicals \[[@B87-ijms-16-13043]\], alkoxyl radicals \[[@B86-ijms-16-13043]\] or F~2~-isoprostanes \[[@B7-ijms-16-13043],[@B8-ijms-16-13043],[@B48-ijms-16-13043],[@B49-ijms-16-13043],[@B54-ijms-16-13043]\] that are generated in excess and typically detected in the placenta and plasma of preeclamptic patients contributing to increased vasoconstriction and development of arterial hypertension. Surprisingly enough, preeclampsia is rarely associated with decreased P450scc activity and inadequate synthesis of placental progesterone \[[@B88-ijms-16-13043]\]. On the contrary, most studies report significant increase in placental progesterone production in the course of preeclampsia \[[@B83-ijms-16-13043],[@B89-ijms-16-13043]\] linking progesterone directly with an imbalance between prostacyclin PGI~2~ and thromboxane A~2~ production in favor of the latter \[[@B84-ijms-16-13043],[@B90-ijms-16-13043],[@B91-ijms-16-13043],[@B92-ijms-16-13043]\]. Significant DNA hypomethylation was observed in preeclampsia for steroidogenic genes, including *CYP11A1* for cytochrome P450scc and *HSD3B1* for 3β-hydroxy-delta-5-steroid dehydrogenase type 1, each controlling the two-step pathway of progesterone synthesis from cholesterol \[[@B93-ijms-16-13043]\]. As DNA methylation is inversely associated with mRNA expression, both transcripts were accordingly elevated in patients presenting with either early or late onset preeclampsia compared to controls. CYP11A expression was significantly increased in severe preeclampsia compared with normal pregnancy in both mRNA and protein levels \[[@B73-ijms-16-13043],[@B74-ijms-16-13043]\]. Maternal progesterone levels as measured either in the placenta or plasma were increased in women with preeclampsia \[[@B89-ijms-16-13043],[@B94-ijms-16-13043]\], and both progesterone and estradiol were reported to positively stimulate *CYP11A1* and *HSD3B1* expression in trophoblast cells increasing the abundance of P450scc and 3β-HSD type 1 mRNAs but had no significant effect on the amount of 3β-HSD protein \[[@B95-ijms-16-13043]\]. Circulating or urinary concentrations of progesterone were reported to be either within the normal range \[[@B83-ijms-16-13043],[@B96-ijms-16-13043]\] or higher \[[@B74-ijms-16-13043],[@B94-ijms-16-13043]\] in preeclamptic women. Therefore, it seems justified to presume that pathologically elevated progesterone may act in a compensatory feedforward loop to excessively promote placental steroidogenesis \[[@B93-ijms-16-13043],[@B95-ijms-16-13043]\], and thus propel a metabolic vicious circle increasing progesterone level and progesterone-dependent vasoconstriction as observed in preeclampsia \[[@B71-ijms-16-13043],[@B74-ijms-16-13043],[@B89-ijms-16-13043],[@B90-ijms-16-13043],[@B91-ijms-16-13043],[@B94-ijms-16-13043]\]. Moon *et al.* \[[@B74-ijms-16-13043]\] have recently presented a very convincing study based on GC-MS (Gas Chromatography-Mass Spectrometry) metabolic profiling where plasma pregnenolone and progesterone were significantly increased (\>2.0-fold, *p* \< 0.001) in preeclamptic patients as compared with control subjects, while cholesterol was significantly decreased (\<1.4-fold, *p* \< 0.001). Progesterone is essential for the maintenance of human pregnancy. However, elevated progesterone concentrations could on the one hand suppress the production of the potent vasodilator, prostacyclin, and on the other, stimulate the synthesis of the potent vasoconstrictor, thromboxane \[[@B71-ijms-16-13043],[@B74-ijms-16-13043],[@B89-ijms-16-13043],[@B90-ijms-16-13043],[@B91-ijms-16-13043]\]. In light of the above analysis, progesterone should not be advocated for prevention of preeclampsia and its complications \[[@B97-ijms-16-13043]\] as it used to be in the past.

There is a growing number of reports linking maternal Vitamin D~3~ deficiency with preeclampsia \[[@B13-ijms-16-13043],[@B68-ijms-16-13043],[@B78-ijms-16-13043],[@B79-ijms-16-13043],[@B80-ijms-16-13043],[@B98-ijms-16-13043]\]. The *in vivo* studies represented by *ex-utero* incubations of Vitamin D~3~ with fragments of human placentas demonstrated the CYP11A1-catalyzed hydroxylation of Vitamin D~3~ to 20(OH)D~3~ being the major metabolite \[[@B99-ijms-16-13043]\]. It is important to note that human CYP11A1 does not metabolize 25(OH)D~3~ \[[@B100-ijms-16-13043]\], and does not interfere with placental activation of 25-hydroxyvitamin D~3~ \[[@B101-ijms-16-13043]\]. Therefore, it is Vitamin D~3~ rather than 25(OH)D~3~ possibly competing with cholesterol for the catalytic center of P450scc. Taking into account that the Km needed for the conversion of Vitamin D~3~ to 20(OH)D~3~ by placental CYP11A1 is higher than that for the metabolism of cholesterol \[[@B102-ijms-16-13043]\], only a relatively high level of Vitamin D~3~ will competitively inhibit excess pregnenolone synthesis, and restore local placental production of 20(OH)D~3~ and other derivatives by P450scc under the metabolic conditions of preeclampsia. As a matter of fact, our preliminary clinical observations suggest a plausible therapeutic effect of high-dose oral supplementation with 4000 IU Vitamin D~3~ on preeclamptic placental vasculature which might be related to the competitive inhibition of abnormal pregnenolone and subsequent progesterone synthesis, as well as integral stabilization of placental cytochrome P450scc activity, and consequent reduction in lipid peroxidation. In our material on hypertensive patients, not only did high-dose Vitamin D~3~ supplementation normalize arterial blood pressure, it also improved uterine vasculature as confirmed by ultrasound (data not shown) which accords with the Norwegian Mother and Child Cohort Study \[[@B103-ijms-16-13043]\] and other correlational studies \[[@B13-ijms-16-13043],[@B68-ijms-16-13043],[@B80-ijms-16-13043]\].

According to the WHO "Guideline for vitamin D supplementation in pregnant women" (Geneva, World Health Organization, 2012), Vitamin D~3~ supplementation is not recommended during pregnancy to prevent the development of preeclampsia and its complications unless in cases of documented deficiency where Vitamin D~3~ supplements may be given at the current RNI (recommended nutrient intake) of 5 μg (200 IU) per day as recommended by WHO/FAO or according to national guidelines. However, supplementation has been shown to have minimal toxicity in adults receiving doses of up to 10,000 IU per day \[[@B104-ijms-16-13043],[@B105-ijms-16-13043]\]. Vitamin D toxicity generally becomes evident at doses of 20,000 IU per day and can lead to hypercalcaemia, hypercalciuria, and elevated (200 nmol/L) levels of serum 25(OH)D \[[@B106-ijms-16-13043]\]. There are few safety studies in pregnant women, however, in one recent study, up to 4000 IU Vitamin D~3~ was provided to pregnant women from the twelfth to sixteenth weeks of pregnancy until delivery, with no reported cases of hypercalcaemia or hypercalciuria \[[@B107-ijms-16-13043]\]. Current evidence supports the concept that circulating 25-hydroxyvitamin D during pregnancy should rather be 40--60 ng/mL (100--150 nmol/L) suggesting either a high-dose daily intake of 4000 IU Vitamin D~3~ or high-dosage interval bolus (35,000 IU/week or more) in order to attain that circulating level \[[@B60-ijms-16-13043],[@B108-ijms-16-13043],[@B109-ijms-16-13043]\]. Importantly, according to a couple of animal studies, 20(OH)D~3~, being the major placental metabolite of Vitamin D~3~, was reported to show a lack of calcemic or other toxic effects (as determined by serum chemistry and histological analyses of heart, spleen, liver, and kidney) at pharmacological doses far above the toxicity levels of 25(OH)D~3~ or 1,25(OH)~2~D~3~ \[[@B110-ijms-16-13043],[@B111-ijms-16-13043],[@B112-ijms-16-13043]\]. Moreover, 20(OH)D~3~ exhibited potent anti-inflammatory \[[@B113-ijms-16-13043],[@B114-ijms-16-13043]\], antifibrogenic \[[@B112-ijms-16-13043]\] and anticancer \[[@B110-ijms-16-13043],[@B115-ijms-16-13043]\] properties, all of which being potentially beneficial in the prevention or therapy of preeclampsia.

We proposed a cellular model of preeclampsia exposing JAR trophoblast cells to AA(OOH)-induced lipid peroxidation analogously to our mitochondrial experimental model of preeclampsia which has been discussed above. Biochemical and ultrastructural changes as observed in JAR cell line exposed to oxidative stress phenomena had been previously defined \[[@B75-ijms-16-13043],[@B76-ijms-16-13043]\], and were in accord with the characteristics of preeclamptic placental cells \[[@B116-ijms-16-13043]\]. We observed the same classical products of lipid peroxidation, namely MDA and HNE as we did in the isolated placental mitochondria having been exposed to AA(OOH). Lipid peroxidation was completely inhibited in cell culture pretreated with 50 µM TEMPOL (AA(OOH)+TEMPOL). Interestingly enough, contrary to common enzymatic antioxidants, nitroxides like 4-OH-TEMPO (TEMPOL) can provide protection of biological systems from oxidative stress by pre-emptying of carbon-centered radicals in lipid peroxidation chain reaction \[[@B117-ijms-16-13043],[@B118-ijms-16-13043]\], thus preventing cytochrome P450scc heme destruction, which might be the mechanism of the observed reduction in P450scc activity ([Figure 3](#ijms-16-13043-f003){ref-type="fig"}) and concentration ([Figure 4](#ijms-16-13043-f004){ref-type="fig"}). High protective efficacy of 4-OH-TEMPO in the placental cell culture model ([Figure 5](#ijms-16-13043-f005){ref-type="fig"} and [Figure 6](#ijms-16-13043-f006){ref-type="fig"}) can be explained by extremely high absolute rate constant for the cross-coupling reaction of several carbon-centered radicals with various nitroxides (2.3 × 10^9^ M^−1^·s^−1^) \[[@B117-ijms-16-13043],[@B119-ijms-16-13043],[@B120-ijms-16-13043]\]. As opposed to 4-OH-TEMPO, Vitamin E preferentially scavenges peroxyl radical, and proved to be ineffective in the prevention of preeclampsia \[[@B56-ijms-16-13043],[@B121-ijms-16-13043]\]. The results of this study allow us to propose that alkyl radicals rather than peroxyl radicals are mainly involved in the oxidative damage to trophoblast cells under the conditions of preeclampsia ([Figure 6](#ijms-16-13043-f006){ref-type="fig"}).

In summary, our results suggest that regardless of inconsistencies found in literature, monitoring isoprostane concentration in the urine of pregnant women could be a valuable noninvasive method of measuring oxidative stress and it could also serve as an indicator for the initiation of anti-inflammatory therapy, or high-dose Vitamin D~3~ supplementation throughout gestation. We propose that Vitamin D~3~ might act as a competitive inhibitor of placental cytochrome P450scc preventing from the production of lipid peroxides or excess progesterone synthesis, both of which may contribute to the etiopathogenesis of preeclampsia.

![A proposed molecular mechanism of high-dose Vitamin D~3~ supplementation in prevention or treatment of preeclampsia. Vitamin D~3~ acts as a competitive inhibitor of placental cytochrome P450scc preventing the production of lipid peroxides and excess progesterone, both of which may contribute to the etiopathogenesis of preeclampsia. 4-OH-TEMPO (TEMPOL) protects placental mitochondria as an effective scavenger of carbon-centered radicals.](ijms-16-13043-g006){#ijms-16-13043-f006}

4. Experimental Section
=======================

4.1. Clinical Study Design
--------------------------

The investigational group comprised patients with direct indications for having the pregnancy terminated by caesarian section, *i.e.*, preeclampsia due to uncontrolled rise in blood pressure in spite of antihypertensive treatment. The control group was made up of pregnant patients with other obstetric indications for C-section, such as breech presentation, cephalopelvic disproportion or dystocia. All of the patients consented to participate in the study. The study was continued for two winter seasons; concomitant medical conditions in the mother and low birth weight in the newborn were considered exclusion criteria. In the end, the preeclamptic cohort included 43 women with severe preeclampsia (clinical profile presented in [Table 1](#ijms-16-13043-t001){ref-type="table"}). There were 31 women with no symptoms of preeclampsia included as the control. Sociodemographic characteristics of the two study groups were comparable ([Table 1](#ijms-16-13043-t001){ref-type="table"}). Study samples were obtained from urine collected for approximately 24 h, from the time when urinary catheterization was performed as the patient was qualified for C-section, up until the last post-op fluid administration. Urine samples were taken from the drainage bag and stored at −80 °C. 25(OH)D~3~ levels were determined on plasma samples taken immediately after caesarian section, as part of the routine blood count and electrolyte panel. Both plasma and urine were aliquoted, and stored at −80 °C for further immunochemical analysis.

ijms-16-13043-t001_Table 1

###### 

Sociodemographic and clinical profiles of the preeclamptic *vs.* non-preeclamptic cohort.

  Characteristic                     Non-Preeclamptic (Mean ± SD)   Preeclamptic (Mean ± SD)   *t*-Test (*p*-Value)
  ---------------------------------- ------------------------------ -------------------------- ----------------------
  Age (years)                        29 ± 6                         30 ± 7                     *p* \> 0.3
  Systolic blood pressure (mm Hg)    122 ± 8                        164 ± 7                    *p* \< 0.0001
  Diastolic blood pressure (mm Hg)   74 ± 10                        99 ± 5                     *p* \< 0.0001
  Gravidity                          1.7 ± 1.0                      1.6 ± 1.1                  *p* \> 0.2
  Parity                             0.5 ± 0.7                      0.4 ± 0.6                  *p* \> 0.1
  Gestational age (weeks)            39 ± 2                         37 ± 3                     *p* \< 0.001
  Newborn's weight (g)               3500 ± 500                     2780 ± 900                 *p* \< 0.0001
  Ethnicity                          Caucasian                      Caucasian                  NA

4.2. Immunochemical Assays
--------------------------

A commercial ELISA kit (Cayman Chemical Co., Ann Arbor, MI, USA) was used to measure the urinary excretion of 15-F~2t~-isoprostane (15-F~2t~-isoP), widely accepted as a sensitive marker of oxidative stress in the human body \[[@B53-ijms-16-13043]\]. The level of 15-F~2t~-isoP as immunochemically assessed in the urine was then calculated relative to urinary creatinine content and expressed as ng/mg of creatinine. 25(OH)D~3~ was measured in plasma samples following a routine procedure applied by the hospital laboratory (Elecsys Vitamin D assay; normal values were ≥30 ng/mL). 4-hydroxynonenal (HNE) was assessed using OxiSelect HNE Adduct ELISA Kit (Cell Biolabs, Inc., San Diego, CA, USA).

4.3. Preparation of Placental Mitochondria
------------------------------------------

Human term placental mitochondria were prepared as described previously \[[@B122-ijms-16-13043]\].

4.4. Cell Culture
-----------------

The choriocarcinoma cell line JAR (ATCC HTB-144) was cultured in a humidified atmosphere with 5% CO~2~ in RMPI-1640 (Sigma-Aldrich Co., St. Louis, MO, USA) containing 1 mM sodium pyruvate, 10 mM Hepes (Sigma-Aldrich, Poznan, Poland), supplemented with 10% heat-inactivated fetal bovine serum (Gibco, Grand Island, NY, USA), penicillin (100 IU/mL) and streptomycin (100 µg/mL) (Sigma-Aldrich, Poznan, Poland).

4.5. Cell Treatment with an Oxidative Stress Inducer
----------------------------------------------------

Cells cultured on 6-well culture dishes (5 × 10^5^--1 × 10^6^ cells/well) were treated for 3, 6, 12 or 24 h with 100 µM arachidonic acid hydroperoxide: 15(s)hydroperoxy(5*Z*,8*Z*,11*Z*,13*E*)-eicosatetraenoic acid (AA(OOH)) (Sigma-Aldrich, Poznan, Poland) in the culture medium. The cells of the TEMPOL-pretreated group were incubated for 2 h with 50 µM TEMPOL (4-hydroxy-TEMPO) (Sigma-Aldrich, Poznan, Poland) in the culture media prior to addition of 100 µM AA(OOH). Control cells did not receive any treatment. Cells (5 × 10^6^ cells/mL) were collected from the culture dishes by trypsinization, centrifuged together with those floating in the culture medium and were washed with PBS. The cells were then lysed with lysis buffer and subjected to analysis of lipid peroxidation products as described below. Protein was determined using Bradford method (1976) after dissolving the perchloric acid precipitates in 0.5 M NaOH.

4.6. Placental Mitochondria Treatment with Oxidative Stress Inducer
-------------------------------------------------------------------

A suspension of placental mitochondria was incubated with 100 µM arachidonic acid hydroperoxide (AA(OOH)) for 0, 0.125, 0.25, 0.5, 1.0, 2.0 and 2.5 h at 37 °C under air with constant shaking in 2.5 mL medium containing 0.1 M Tris-HCl buffer (pH 7.4), and 5 mg of mitochondrial protein. The levels of mitochondrial cytochrome P450 was determined as percentage of the control by the method of Omura and Sato \[[@B123-ijms-16-13043]\], using a molar absorption coefficient 100,000 M^−1^·cm^−1^ for the difference in absorbance between 450 and 490 nm \[[@B124-ijms-16-13043]\].

Lipid peroxidation was assessed using commercial kits as described below.

4.7. Lipid Peroxidation Assays
------------------------------

Lipid peroxidation in cells lysates or placental mitochondria suspensions were evaluated on the basis of increasing levels of the key lipid peroxidation products malondialdehyde (MDA) and 4-hydroxynonenal (HNE). MDA was determined by a colorimetric method using a Lipid Peroxidation (MDA) Assay Kit (Abcam, Cambridge, UK) according to manufacturer's instruction. HNE was determined immunochemically using an OxiSelect HNE Adduct ELISA Kit (Cell Biolabs, Inc., San Diego, CA, USA) according to the manufacturer's instruction.

4.8. Progesterone Biosynthesis
------------------------------

NADP^+^, glucose-6-phosphate, glucose-6-phosphate dehydrogenase were obtained from Sigma-Aldrich, Poland. \[4-^14^C\]Cholesterol (58 mCi/mmol), \[4-^14^C\]pregnenolone (55 mCi/mmol), \[^3^H\]progesterone (12 Ci/mmol) and \[^3^H\]pregnenolone (6.9 Ci/mmol) were obtained from Radiochemical Centre (Amersham, UK). All other materials were of the highest analytical grade available from Sigma-Aldrich (Poland). Progesterone synthesis by mitochondria was measured using an NADPH-generating system consisting of 0.5 mM NADP^+^, 3 mM glucose-6-phosphate and 5 U/mL glucose-6-phosphate dehydrogenase, using radiolabeled precursors as previously described \[[@B32-ijms-16-13043]\].

4.9. Statistical Analysis
-------------------------

The results were expressed as mean ± SEM (unless stated otherwise), and the significance of the difference between the mean values relative to control was determined by the Student's *t* test. Significance was determined at the 5% level (**\*** *p* \< 0.05), two-sided. Statistical significance between treatment and control group was indicated by asterisk. Correlation between variables was assessed by Pearson's r correlation test. Significance of correlation was determined at the 5% level (**\*** *p* \< 0.05). All of the statistical calculations were performed using GraphPad Prism 4 software by GraphPad Software, Inc. (La Jolla, CA, USA).

5. Conclusions
==============

The study showed a significantly increased level of oxidative stress, as measured by the urinary isoprostane excretion, in women presenting with severe preeclampsia as compared to control. Both study groups were Vitamin D~3~ deficient. There was no correlation between wintertime 25(OH)D~3~ and severe preeclampsia. However, low levels of Vitamin D~3~ metabolites might potentially impair placental cytochrome P450scc activity inducing oxidative stress phenomena and increase the risk of preeclampsia. High-dose supplementation with Vitamin D~3~ seems to be a rational, safe and effective countermeasure. Further randomized trials with supplementation of Vitamin D~3~ or alternative combinations of clinically effective antioxidants in prevention and treatment of preeclampsia are necessary.
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